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=s ad
~i£
g
o9ruF/thxFl
n9o

Fns/t]j
g
y o
g
F9n
[t′ : t[⊆
[t′ : t + 1[
Frutvl
o{~
!~q«En

¬hittad
Frutvl>~Õ¥j\  
thÕ
g

kmtvn/y ymj(!~!~h|§
ún9ruF/thxFl
n
twt ∧ adrt =s
ad
~n9{jxFonsr
valid   input?
§únV{jÑ9ruF/thxFl
n
vwt ∧ val   int
LŁruy
twt
ú
g
¬9ruF/thxFl
n9o

Fn2/t]j
g
y ~
ut

gh



g
oFn/t n/Łtvn/y ymjZjFlÑj2þujt
g
lÑ{juFn
g
 
x

§únOjŁnVj¦
tvn

r+9ruF/thxFl
n

¸j

jtht>¦JÕ

n9o
g


Fn2{juFn2t
g
FnO¸j{þnO¦n9n/¥úŁ
gh3
n/¬ru#jZ
gh
~
µ
>¡(¡#k"G ÇG
0ÛdgØÙ9×2ÚBæsØÞJÜLÝUÜﬂÛYghbg/îh×
t
mPØî6î¸ÝﬂÞ
×
H
hÝ×0ÙÜﬂÛÍÝﬂÞ
×ﬁgØbgﬀÞ!×Vî\ÜﬂÛ×ÞØ1iu×
H
××ﬀÛ

&ﬀÜﬂÝ<Ý×ﬀÛ
H
×ﬂæ9Ú1&× ghbg/îv×
t
mÜuI6×hIÈm
∀t ∈ N+, ad ∈ Ba, b ∈ ZB
[
valid ú input? ∧ hittad =⇒ ∃
last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0
°eLA<¤BÕ
£n9{jxFon(rU 
Łn9l
g
{j

n
valid   input?
§Eún(¸j9þn
clear0
ú
g

g
y  
t
g
n9o
¬hit1ad
~Ïi£JxFoË§)ún{jZj\  
thÕOtvn/y ymjs!~!~

r/Õ!/tvn9o
1
jFl
t
g
+ruŁl
n/Ł

rs9ruF/thxFl
n
∃t′ ∈ [1 : t[ : vwt
′
∧ val   int
′
∧ adrt
′
=s ad
~sŁn9l
g
{j

n
valid   input?
g
y  
t
g
n9o

¸j

Fn2t
g
Fn

tht

¸j

n/Fl
n9l
g
 /Õ/tvn
t′
g
o9ruy  
tvn

n§
g
~ n~h§
∃j ∈ ]lastcrd(t
′) : t′[ :
vwj ∧ ¬val   inj
jFl únO¸j{þn
∀ad′ ∈
[
adrt
′
]
s
, b′ ∈ ZB : ∃l ∈ ]j : t
′] : bw(ad′, b′)l.
ä
g
F9n
ad =s adr
t′ §Uúnd{j g Fo  j 3g j  n   g o'<ruŁ3yx
t]j#ú gh  ad
jFl
b
g
 ruŁl
n/Ł

rìkn

j#/Õ!/tvn
l > 0
ú
gh

bw(ad, b)l
~ì
gh
t 
Łr ro
gh3g
ru |~!~R!§PúnÍ9ruF/thxFl
n
∃lastbw(ad,b)(t) ∧ lastbw(ad,b)(t) ≥ l
ú
g
#9ruF/thxFl
n9o

FnO/t]j
g
y ~
ut
i£JxFodún¥¸j{þn#o3FrËú

Fn

Ło

 ¸jŁ

rVnTS

n/Fl
n9lS{juFn#9ruFo
g
o

n/F/Õ <ruŁdj
l
g
Łn9

ymj\  n9l#{juFn~ n2FrËú± 
Łr9n9n9l ú
gh
ÄjFr

Fn/Łn{juoÕÑtvn/y ymjÑj¦rux

Fn
9ru

n/

r

Fn2lFj

j_ø¨ ~
µ
>¡(¡#k"G ÇG¬
pÞ!×fgÚuÛ¸Ý×ﬀÛ@ÝÚBæ(ÝﬂÞ
×fgØbgﬀÞ!×ÍçØÝ Ø
Ã
)L- ÚÛFî hqgﬀÞØuÛ
Ë
×dÚÛ Ø
H
hÝ×

&ﬀÜLÝ×mÜwIﬂ×hIÈm
∀ad ∈ Ba, b ∈ ZB, t ∈ N, t
′ ∈ Z≥t :∣∣∣doutt′ad∣∣∣
b
6=
∣∣douttad∣∣b =⇒ ∃t′′ ∈ [t : t′[ : cdwbt′′ [b] ∧ ad =l+s0 adrt′′
 n2ruy
ghq
Fnﬁ 
ŁrrPr


g
oqtvn/y ymjZ¦n9{jxFon
ghqg
où´xFo

jZo
g
y  
tvn
g
Fl!xF
3g
ruE~
µ
>¡(¡#k"G ÇG 
6æìØtgØbgﬀÞ
× çÚË×ﬀÙ#Û@ÚÝÙ0Ü
Ë
Û@ØuîØ ÞJÜﬂÝZÚuÛ Øçç&3×0Ù0Ù
ad
Ü6Û ghbg/îv×
t
m
×BÝ×ﬀÛ@çJ×ç*gØbg/Þ!×gÚÛ
Ù0Ü6ÙﬀÝ×ﬀÛ+ghÞ!Úuî¡çuÙæ/Ú&ÝﬂÞJÜ6Ùñ!Ø1&/ÝLÜ£g9ß;îhØ1&OØçç1&×0ÙÙ
ad
ÜﬂÛdghbg/îh×
t+1
m
ÜuIﬂ×hIªm
∀ad ∈ Ba, b ∈ ZB, t ∈ N
+ :
valid ú input? ∧ ¬hittad ∧ hit
t+1
ad =⇒
∃lastbw(ad,b)(t + 1) ∧ lastbw(ad,b)(t + 1) > 0∧∣∣doutt+1ad ∣∣b =
∣∣∣dinlastbw(ad,b)(t+1)∣∣∣
b
"a
Ó1õsÐ{þ
É1«
Êﬂ
¾ ÓÏÐÓ1õ
«
è
°eLA<¤BÕ

gh
 tvn/y ymjS!~!~!§2únÈ{j n{juo
g
thÕ 9ruF/thxFl
n
∃lastbw(ad,b)(t + 1)
jFl
lastbw(ad,b)(t+1) > 0
~U non

l := lastbw(ad,b)(t+1)
~ÕOj\  
thÕ
g

kqtvn/y ymj!~!~h|§
únqjtvor9ruF/thxFl
n
twt∧adrt =s ad
~P¤
x
Ł

Fn/Ł3y(ruŁn§
vwt∧val   int
Frutvl
oP¦n9{jxFon
r 
Łr n/Ł

ÕW[(r
valid   input?
~P nOFr{ú o 
t
ghq
úr({juon9o{~
|~qi£FnVt]juo

úŁ
gh
n

rZ¦JÕ

n
b
rPjul
l!Łn9oo
ad
r9/x
Ł3Łn9lÈØBæ/Ý×'&

FnVt]juo

$rd
§
g
~ n~h§
l > lastcrd(t + 1)
~fVsr

n

¸j

bw(ad, b)l
jFl
¬bw(ad, b)t
′ <ruŁjJÕ
t′ ∈
]l : t[
¦r

#Frutvlì¦JÕY 
Łr ro
gh3g
ru |~!~Rdjuosún/thtjuo
lastcrd(l) = lastcrd(t)
~
i£Fn/ŁnﬀLruŁn§ ∣∣∣doutl+1ad ∣∣∣
b
=
∣∣∣dinl∣∣∣
b
jtvorÍFrutvl
oO¦;Õ¬9ruFo

Ł3xF
3g
ru r

Fn(l
g
Łn9

ymj\  n9l {juFn~Z n oFr{ú

Fn
Łn/ymj
g

g

kd/t]j
g
y §
g
~ n~h§
∣∣doutt+1ad ∣∣b =
∣∣∣doutl+1ad ∣∣∣
b
¦JÕm9ru

Łjul
g

3g
ruE~%o
g

k+tvn/y ymj+!~!~ ['<ruŁ/Õ!/tvn9o
t+1
jFl
l +1
§;ún

JxFo

Fl#j+úŁ
gh
n

r

FnOlFj

j_ø¨ §
g
~ n~h§
cdwbt
′′
[b] ∧ ad =l+s0 adr
t′′
LruŁÏj/Õ/tvn
t′′ ∈ [lastbw(ad,b)(t+1)+1 : t+1[
~Vr

n

¸j

 
Łr ro
gh3g
ruÑ|~!~R
kx¸jŁj

n9n9o
lastcrd(t
′′) = lastcrd(t)
~ªn9{jxFonOr
¬bw(ad, b)t
′′ §!ún2¸j9þn
¬
(
cdwbt
′′
[b] ∧ ad =s adr
t′′
)
.
¬r

Fn/ŁsúruŁl
o{§ún+¸j9þn
ad 6=s adr
t′′ ~sä g F9n+¦r   g ã/Õ/tvn l
jFl
g

t′′
§
oruy(ndúŁ
gh
nÑo
g
k¸jt
g
oZju
3g
þn¥jFl
lastcrd(t
′′) = lastcrd(l)
Frutvl
o{§
gh
n/y 
r
valid   input?
kx¸jŁj

n9n9o
adrt =s adr
t′′ ú g  g odjÄ9ru  Łjul g  3g ruE~
sn/F9n§


g
oq{juon2r

Fn2/t]j
g
y
g
oU 
ŁrËþn9l>~
!~qi£Fn#t]juo

úŁ
gh
n

rÈ¦;Õ

n
b
r+jul
l!Łn9oo
ad
l
g
l Fr

r;9/x
Ł¥j)

n/Ł

Fn t]juo

$rd
§
g
~ n~h§
l ≤ lastcrd(t + 1)
~( n(o3Fr{ú

¸j
2

g
o{juon {j
Fr

r;9/x
ŁO¦;Õ
9ru

Łjul
g

3g
ruE~ 

n/y  r
valid   input?
kx¸jŁj

n9n9o

Fn#9ruy  
tvn

n/Fn9oo
r

Fn(t
g
Fn

tht

¸j
'g
o


g
o3Fn9l
g
b/Õ/tvn
t
¦;Õ
vwt ∧ val   int
§
g
~ n~h§
∃j ∈
]lastcrd(t) : t[ : vw
j ∧ ¬val   inj ∧ ∀ad ∈
[
adrt
]
s
, b ∈ ZB :
∃k ∈ ]j : t] : bw(ad, b)k
~Pä
g
F9n
ad =s adr
t jtvorsFrutvl
o{§uún¸j9þn bwk(ad, b)
LruŁsoruy(n
l ∈ ]lastcrd(t) + 1 : t]
~ªi£Fn/Łnﬀ<ruŁn§
lastbw(ad,b) ≥ k
Frutvl
oqú
g

g
ojZ9ru

Łjul
g

3g
ruÄjFl

;xFo


g
o3Fn9o

Fn 
Łr;r3~
ut
 ruŁl
n/Ł

rão3FrËú nTS

n/Fl
n9l 9ruFo
g
o

n/F/Õ§únÑFn9n9lbjì9rux 
tvnÍrjul
l
gh3g
ru¸jt
Fn/t n/Łmtvn/y ymjuoÑú
g
 ún#ú
g
tht
g


Łrl!xF9n#¦n/tvr{ú2~ N ¸jŁ
3g
/x
t]jŁ{§únì¸j9þn

r
<r/xForu

FnO{juon

¸j

FnV{juFnOo
g
k¸jtvoj'
ghg
¥/Õ!/tvn
t
jFl¥oruy(nVlFj

j+úŁ
gh
n
jtvor¥r;9/x
Ło
g
 /Õ!/tvn
t
Û@ÚÝ

r

FnZ
gh
jul
l!Łn9oo{§>¦
x
O
r¥oruy(n l
g
	>n/Łn/

jul
l!Łn9oo

¸j
+g
o+ymj\  n9l

r

Fndojy(ndtvr{j
3g
ru
g


FnÑlFj

j y(n/y(ruŁ3Õ jFl

;xFo'úrux
tvl
l
n9o

Łr{Õ¥lFj

j 9ruFo
g
o

n/F/Õ~

¾ÛÚ;¾ Ð±ø
Ç
Ê
«
Ó
ÉBK
â¬Ð3þ%þ
«
ø¢ÓÏÐÓ1õ
« bZ
µ
>¡(¡#k"G ÇG¦
6æ(ÝﬂÞ!×ÍçuÜJ&3×g9Ýð Øﬀññ
×3çEgØvgﬀÞ!×dÙﬀÜ
Ë
ÛØuî^ÙmØ#ÞJÜLÝJmsÜLÝﬂÙ
tag
ñ!Ø&ﬀÝOÚBæ(ÝﬂÞ!×
çÜZ&×g9Ý Ú1&ThOÜ6ÙªÛ@ÚÝ'gﬀÞ!ØuÛ
Ë
×3çÝﬂÞ8&3Úuß
Ë
ÞÚuß!ÝÝﬂÞ!×

Þ!Úuîh×gØbgﬀÞ!×sØbgg0×0ÙÙmÜwIﬂ×hIÈm
∀ad ∈ Ba, t ∈
N
+, t′ ∈ Z≥t
[
valid ú input? ∧ lastcrd(t) = lastcrd(t
′) ∧ hittad ∧ ad =s adr
lastcrd(t) =⇒
tagt = tagt
′
°eLA<¤BÕ
«En

valid   input?
Frutvl>~  n

S jÈjŁ3¦
gh
ŁjŁ3Õ
ad ∈ Ba
jFl
t ∈ N+
ú
gh

ad =s adr
lastcrd(t)
jFl
hittad
!

Fn2Łn/ymj
g

g

kd/t]j
g
y
lastcrd(t) = lastcrd(t
′) =⇒ tagt = tagt
′
g
oo3Fr{ú ¦;Õ
g
Fl!xF
3g
ru#ru
t′
~
;1"Łc< Ö1ﬃ ×
t
′ = t Ù
z¤FruŁ
t′ = t
§

Fn Ł
g
k

 ¸jFlSo
g
l
n#r

Fnì/t]j
g
y
g
o

Ł
g
þ
g
jththÕÑﬂx
t

thtvn9l>~
;1"Łc< ﬃŁﬃv² ×
t
′ → t′ + 1 Ù
z«En

lastcrd(t) = lastcrd(t
′ + 1)
Frutvl>~  n

Fn/ã¸j{þn

rÑoFr{ú
tagt = tagt
′+1 ~2Õd 
Łr n/Ł 3g n9o(|~!~RÑr last
§ún+9ruF/thxFl
n

¸j

lastcrd(t) = lastcrd(t
′)
jtvorìFrutvl
o{~Äi£JxFoË§únÍ{jDj\  
thÕ

Fn
g
Fl!xF
3g
ru
;Õ> r

Fn9o
g
o
g
ãruŁl
n/Ł

rdkn

tagt = tagt
′ ~s n  Fn/ão3FrËú  Fn'Łn/ymj g  g 
k /t]j g y
tagt
′
= tagt
′+1 ¦JÕd9ru  Łjul g  3g ruE§ g ~ n~h§!juoo3x
y g 
k g Fn9w;x¸jt gh Õ~«n  Fn/Łnﬀ<ruŁn twt
′
FrutvlÍjFl
adrt[a− 1 : l + s] 6= tagt
′
[adrt
′
[l + s− 1 : s]]
~PÕ
hittad
§ún9ruF/thxFl
n
tagt[ad[l + s− 1 : s]] = ad[a− 1 : l + s] ∧ validt[ad[l + s− 1 : s]]
jFl#ú
gh

gh
n/y (r
valid   input?
§Fún+jul
l
gh3g
ru¸jththÕ kn

adrt
′
=s adr
lastcrd(t
′) ~
i£
g
o£tvn{jul
o

r
adrt =s ad
jFlÍú
gh

tagt = tagt
′ jtvor  r
adrt 6=l+s ad
ú
g

g
o
jZ9ru

Łjul
g

3g
ruãjFl

JxFo


g
oFn9o

Fn$ 
ŁrrB~
ut
e<L+³£³ L¢j"G }G·
íZ×gØÛb×|Ý×ﬀÛç¥ÝﬂÞ!×ZØ
H
Úi×Zîv×ﬀðZð(ØÄÑ,I
:
I
D
ÜﬂÛ Ú1&Bç;×'&+Ý ÚÑÜﬂÛ<g/î ß
çJ×
ÝﬂÞ
×:(&0ÙﬀÝUghbg/îv×(ÚBæZÝﬂÞ!×*gØbgﬀÞ!×dØbgg0×0ÙÙmØÙ

×ﬀî6îI
À
Ú1&ﬀð Øî6î hm

×'Þ!Ø1i×
∀ad ∈ Ba, t ∈
N
+ [
valid ú input? ∧ ¬clearlastcrd(t) ∧ hit
lastcrd(t)
ad ∧ ad =s adr
lastcrd(t) =⇒
tagt = taglastcrd(t)
°eLA<¤BÕ
«En

¬clearlastcrd(t) ∧ hit
lastcrd(t)
ad ∧ ad =s adr
lastcrd(t)
Frutvl>~ ä
g
F9n
clear0
Frutvl
o¦n9{jxFonr
valid   input?
§


g
otvn{jul
o
g
* ¸jŁ
3g
/x
t]jŁ

r
lastcrd(t) >
0
~Õ  
Łr n/Ł
3g
n9o|~!~R r
last
§!ún

Ł
g
þ
g
jththÕ¥9ruF/thxFl
n
lastcrd(lastcrd(t) + 1) = lastcrd(t) ∧ $rd
lastcrd(t).
£n9{jxFonr
$rdlastcrd(t)
jFl
gh
n/y  r
valid   input?
§!ún29ruF/thxFl
n
¬twlastcrd(t) ∧ ¬vwlastcrd(t)
jFl

JxFo{§
taglastcrd(t) = taglastcrd(t)+1
jFl
hit
lastcrd(t)
ad = hit
lastcrd(t)+1
ad
~Usn/F9n§
ghg
oo3x^m 
g
n/
V
rÑo3Fr{ú
tagt = taglastcrd(t)+1
~s n'9ruF/thxFl
n


g
oV/t]j
g
y ¦;Õìj\ !
 
thÕ
g

k(tvn/y ymj(!~!~a

r /Õ/tvn9o
t
jFl
lastcrd(t) + 1
~
ut
}
Ó1õsÐ{þ
É1«
Êﬂ
¾ ÓÏÐÓ1õ
«
è
µ
>¡(¡#k"G ÇGÈÍ
pÞ!×¢i)Øî\Ü<çñ!Ø1&/ÝEÚBæÝﬂÞ!×çuÜJ&3×g9Ý Ú1&ThÚuÛFî h$g/ÞØuÛ
Ë
×ﬀÙ£ÚuÛdØ
vw
Ú1&
clear
I
À
Ú1&ﬀð Øî6î hm

×2ÞØi×
∀t ∈ N+, t′ ∈ Z≥t
[
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∀t ∈ N+, ad ∈ Ba, b ∈ ZB :
valid ú input? ∧ hittad =⇒ ∀t
′ ∈ [lastbw(ad,b)(t) : t[ :
¬(vwt
′
∧ val ú int
′
∧ ad =s adr
t′ ∧
lastcrd(t
′) > lastcrd(lastbw(ad,b)(t)))
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∀t ∈ N+, ad ∈ Ba, b ∈ ZB :
valid ú input? ∧ hittad =⇒ hit
lastbw(ad,b)(t)
ad ∨
∃t′ ∈ [lastbw(ad,b)(t) : t[ :
lastcrd(t
′) = lastcrd(lastbw(ad,b)(t)) ∧
vwt
′
∧ val ú int
′
∧ ad =s adr
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∀t ∈ N+, ad ∈ Ba, b ∈ ZB :
valid ú input? ∧ hittad =⇒ ∀t
′ ∈ [lastbw(ad,b)(t) : t[ : ¬clear
t′
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∀t ∈ N+ :
valid ú input? ∧ vwt ∧ val ú int =⇒ ¬validt[adrt[l + s− 1 : s]]
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∀t ∈ N+, ad ∈
B
a, b ∈ ZB :
valid ú input? ∧ hittad =⇒ ∃t
′ ∈ [lastbw(ad,b)(t) : t] :
lastcrd(t
′) = lastcrd(lastbw(ad,b)(t)) ∧
∀t′′ ∈ [lastbw(ad,b)(t) : t] : hit
t′′
ad = (t
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ruFo
Frutvl>z
H = eql(adr  l, adr  reg)? (clear?Hid :H  reg) :
history[adr  l]
next   way = hit?hv :deck(ev)[K − 1 : 0]
æ
!~PZ"ç
enc = encfK(hv)[k − 1 : 0]
hit = encfK(hv)[k]
x = λi∈ZK (hit ∧ eqk(H[i], enc))
y = PPK(x)
ev = H[K − 1]
æ
!~}bç
¤
g
¸jththÕ§

kx
Łn9os!~h|{ jFlÍ!~h||Ol
n 
g

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FnO9ruy  
x

j
3g
ruìr

FnFnTS


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o

ruŁ3Õ
þn9

ruŁ{§

Fnd
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o
g
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
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
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
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g
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3g
ruFo{~¤FruŁ

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g
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t

oqrP
g
Ł/x
gh
Ä
Ã*Å
ßËñ§!únO¸j{þnz

¾]ð!¾ Ðöè
«sÉBK
ÐOè
èA©OÓ
Ç
Ð
É1Ç «
ÓÏÐÓ1õ
« [vR
0 1
0 1
linv
b mux
a mux
. . . . . .
0 1 1 10 0
Hp
hit
H[i− 1] H[K − 2]
y[K − 2]y[i− 1]y[0]
H[i]H[1]H[0] H[K − 1] ev enc
¤
g
kx
Łn!~h||z@VnTS


g
o

ruŁ3ÕÑ9ruy  
x

j
3g
ruEÆÙ{×ﬀî
b   mux = λi∈ZK−1y[i]?H[i + 1] :H[i]
a   mux = hit? enc :ev
Hp =
{
λi∈ZK (i = K − 1? a   mux :b   mux[i])
g

linv
λi∈ZK (i = 0? a   mux :b   mux[i− 1])
r

Fn/Ł3ú
g
on
æ
!~Rbç
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£nﬀ<ruŁn% 
ŁrËþ
g

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

g

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g


Łrl!xF9noruy(nªFr

j
3g
ruE~P¤FruŁ

Fn
g
 
x

jFl+rux


 
x

o
g
k¸jtvor

Fnl
g
Łn9

ymj\  n9l¥{juFn
way[i]
§FúnOxFonV
g
n/ŁjŁ
g
{jtFr

j
3g
ruE§
n~ kF~h§
hv[i] = way[i].hit
<ruŁ

Fn
hit
rux

 
x

rEúj{Õ
i
~P nsjtvorxFon


g
oªFr

j
3g
ru
<ruŁ 
Łn9l
g
{j

n9o{§
g
~ n~h§
way[i].bw(ad, b)
l
n/Fr

n9o

¸j

 
Łn9l
g
{j

n
bw(ad, b)
Frutvl
o
<ruŁ

Fn
g
 
x

rªú£j9Õ
i
~OsFn
g
y  ruŁ

j

 
Łr;rkrjt
g
o

rÑo3Fr{ú

¸j

 
Łn9l
g
{j
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n
valid   input?
g
o
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Fn/Ł
gh
n9l

rdjtht{juFnOú£j9Õ!o{~©ruF9n/Ł3
g

k

Fn
g
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x

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i
§

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g

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3g
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Ł
g
þ
g
jththÕÍFrutvl>z
way[i].adr = adr
way[i].$rd = $rd
way[i].din = din
way[i].val   in = val   in
æ
!~h|{bç
way[i].dty = dty
way[i].clear = clear
way[i].{vw, tw, dw, cdwb} = {vw, tw, dw, cdwb} ∧ way   reg[i]
ä
g
F9n
way[i].$rd = $rd
jFl
way[i].clear = clear
¦r

ìFrutvl>§@ún

Ł
g
þ
g
jththÕ
¸j{þn
∀i ∈ ZK , t ∈ N
+ z
lastcrd(t) = lastway[i].crd(t)
æ
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Vr

nmjtvor

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g

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3g
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o2LruŁj;Õãúj9Õ
i ∈ ZK
§
ad ∈ Ba
§
b ∈ ZB
§¸jFl
t ∈ N
~
way[i].bw(ad, b)t =⇒ bw(ad, b)t
æ
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æ
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n


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
n9n
hit ⇐⇒ ∃i ∈ ZK : way[i].hit.
æ
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´
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Ł
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
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g
o
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
valid   input?
g
o
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Fn/Ł
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n9l

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
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
ú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
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Łr n/Ł
3g
n9on 
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g
Łn9

ymj\  n9l
{juFn9oVruìþjt
g
l
g
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x

~øsoVj FnTS

o

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g
tht

Fn/ìLr/xForu

Fne 
Łrr

¸j

g


Fn
way
Łn/k
g
o

n/Ł{§¸j

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
ruFnV¦
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oju
3g
þn~
°eL<²@c Łc<N"G¬ÇG 
pÞ
×Þ;Ü]Ù/Ý Ú1& h
Ã
)o- ØuÛ@çÝﬂÞ!×è&×
Ë
Ü6ÙﬀÝ×R&Ù
H ú reg
ØuÛ@ç
way ú reg
Ø&3×+ÚuÛFî h(ßËñ!çØÝ×ç¥ÚuÛãØ
$rd
Ú&
clear
mÜwIﬂ×hIÈm
∀t ∈ N+ :
historyt = historylastcrd(t)+1
Hú regt = Hú reglastcrd(t)+1
way ú regt = way ú reglastcrd(t)+1
i£Fn 
Łrrr


g
o$ 
Łr ro
gh3g
ru
g
o2ruy
gh3
n9lãFn/Łn(l!xFn

r
gh
o

Ł
g
þ
g
jt
gh
Õ~Z nZFrËú
oFr{ú j
g
y  ruŁ

j

tvn/y ymj(j¦rux

Fn29ru

n/

r

Fn
way   reg
Łn/k
g
o

n/Ł{~
°eL<²@c Łc<N"G¬ÇG 
6æ(ÝﬂÞ
×mÙ9×/Ý£wBØÙÙ9Úﬃg/Ü<ØÝLÜZiu×WgØbgﬀÞ!×

ØÙ ÞJÜLÝØÝsÝﬂÞ!×
H
×
Ë
Ü6ÛFÛ¸Ü6Û
Ë
Ú3æ
ÝﬂÞ
×ãØbgg×0Ù0ÙmdÝﬂÞ
× g/ß5&'&×ﬀÛ¸Ýi)Øuî ßF×ÄÚBæ&×
Ë
Ü6ÙﬀÝ×R&
way ú reg
Ü6Ù#ÝﬂÞ!×#ÞJÜLÝji×g9Ý Ú1&ÄØÝZÝﬂÞ!×
H
×
Ë
ÜﬂÛFÛFÜﬂÛ
Ë
Ú3æZÝﬂÞ
×mØbg g×0ÙÙ0$OÚÝﬂÞ!×'&

Ü]Ù{×msØÝð(ÚÙ/ÝÚuÛ×
H
ÜLÝÜ]Ù(Øbg9ÝLÜJi×(Ü6Û ÝﬂÞ!× &×
Ë
Ü6ÙﬀÝ×R&/I
À
Ú1&ﬀð Øî6î hm

×2ÞØi×
∀t ∈ N
[
valid ú input? ∧ ¬clearlastcrd(t) =⇒ hitlastcrd(t)?
way ú regt = hvlastcrd(t) :
∃j ∈ Z2k : way ú reg
t = λi∈ZK (i = j)
°eLA<¤BÕ

gh
Y 
Łr ro
gh3g
ru¬!~ [F~!§Fún29ruF/thxFl
n
way   regt = way   reglastcrd(t)+1
£n9{jxFon r
¬clearlastcrd(t)
§'únD9ruF/thxFl
n
$rdlastcrd(t)
~ Õ n9w;x¸j
3g
ruFo
æ
!~bç
jFl
æ
!~PZ"çﬀ§
ún29ruF/thxFl
n
way   reglastcrd(t)+1 = hitlastcrd(t)?
hvlastcrd(t) :
deck(ev
lastcrd(t))[K − 1 : 0]
ú
g



g
o3Fn9o

Fn2/t]j
g
y
g
 {juon
hitlastcrd(t)
Frutvl
o{~
n9{jxFonÑr

FnÍ9ruŁ3Łn9

Fn9oo(rs
g
Ł/x
gh
dec
LŁruy l
n


gh3g
ru |~ [F~h|§únÍjtvor
Fr{ú
deck(ev
lastcrd(t)) = λi∈Z
2k
(i = 〈evlastcrd(t)〉).
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gh
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jŁn2o
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ruŁn9l
g
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Fn
way   reg
Łn/k
g
o

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i£JxFo{§
g
 {juon2r
¬hitlastcrd(t)
§
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
ú
gh

Z2k 3 j := 〈ev
lastcrd(t)〉
way   regt = λi∈ZK (i = j)
ú
g
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n9o

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
n

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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§
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n/Ł
way   reg
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g
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g
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g
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g
¦
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n

r

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t
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
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g
o
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o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

FnZLruthtvrËú
g

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
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valid   input?
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
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t ∈ N+
ØuÛç
i ∈ ZK
[
¬clearlastcrd(t) ∧ ¬way ú regt[i] =⇒ wayt[i] = waylastcrd(t)[i]
°eLA<¤BÕ
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Łrr
g
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g
j

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g
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way   reg[i]
l
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p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∀t ∈ N+, i ∈ ZK :
way ú regt[i] ∧ ¬clearlastcrd(t) =⇒ hitlastcrd(t) = way[i].hitlastcrd(t)
°eLA<¤BÕ
«En

way   regt[i] ∧ ¬clearlastcrd(t)
Frutvl>~£
gh
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Łr ro
gh3g
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n
9ruF/thxFl
n
hitlastcrd(t)? way   regt = hvlastcrd(t) :
∃j ∈ Z2k : way   reg
t = λi∈ZK (i = j)
|~q2{juonr
hitlastcrd(t)
Frutvl
o{§Ëún¸j{þn
hvlastcrd(t)[i]
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
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valid ú input?
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valid ú input? =⇒ way[i].valid ú input?.
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ruFo
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æ
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n9ruF/thxFl
n
way[i].hit =⇒ hit
way[i].{vw, tw, dw, cdwb} =⇒ {vw, tw, dw, cdwb}.


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
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valid   input?
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way[i].valid   input?
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n

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Frutvl>~
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g
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g
j

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n
vwt ∧ val   int
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thÕ
gh
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valid   input?
g
 ruŁl
n/Ł

r

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j ∈ ]lastcrd(t) : t[
ú
gh

vwj ∧ ¬val   inj ∧ (∀k ∈ ]lastcrd(t) : j[ : ¬vw
k)∧
(∀k ∈ ]j : t[ : ¬vwk)∧
(∀ad ∈
[
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]
s
, b ∈ ZB : ∃t
′ ∈ ]j : t] : bw(ad, b)t
′
)

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3g
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n
lastcrd(t) = lastcrd(j)
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
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
ú
g
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t
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
r
way   regt =
way   regj
~ªä
g
F9n
way   regt[i]
Frutvl
oË§!ún

;xFoq¸j9þn
way   regj [i]
jFl¥Fn/F9n§
way[i].vwj ∧ ¬way[i].val   inj ∧ (∀k ∈ ]lastway[i].crd(t) : j[ : ¬way[i].vw
j)∧
(∀k ∈ ]j : t[ : ¬way[i].vwj)∧
Frutvl
osjFl¥ún2ru
thÕÍ¸j{þn

r(o3FrËú
∀ad ∈
[
way[i].adrt
]
s
, b ∈ ZB : ∃t
′ ∈ ]j : t] : way[i].bw(ad, b)t
′
£n9{jxFonr
valid   input?
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n

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ú
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
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
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n
way   regt
′
[i]
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Þ!×ZÞJÜLÝi×g9Ý Ú&ÑÚBæ ÝﬂÞ!×ZÙ9×/Ý£wBØÙÙ9Úﬃg/Ü<ØÝLÜZiu×fgØbgﬀÞ!×mÙ/Ý ØhÙ+ßÛ@Ø1&ThOæ/Ú&
ØJçç1&×0ÙÙ{×0Ù Ü6ÛÈÝﬂÞ
×+Ù/Øð(× î\ÜﬂÛ×mØÙZÝﬂÞ
×(Øçç&3×0Ù0ÙmÚBæ+ÝﬂÞ
×*g/ß,&'&3×ﬀÛ@Ý3gØbg/Þ!×ÑØbgg×0Ù0Ù/I
À
Ú1&Tw
ð(Øuîﬂî ham

×2ÞØ1iu×
∀t ∈ N+, ad ∈ Ba
[
valid ú input? ∧ ¬clearlastcrd(t) ∧ ad =s adr
lastcrd(t)∧
unary?(hv
lastcrd(t)
ad ) =⇒ unary?(hv
t
ad)
°eLA<¤BÕ
«En

¬clearlastcrd(t) ∧ ad =s adr
lastcrd(t) ∧ unary?(hv
lastcrd(t)
ad )
Frutvl>~
 n2¸j9þn

r(oFr{ú
unary?(hvtad)
~Õdtvn/y ymj(!~ [F~h|{!§FúnOFr{ú

¸j

∀i ∈ ZK : hv
t
ad[i] ≤ way   reg
lastcrd(t)+1[i].
ÕOl
n


gh3g
ru+!~ [F~PZ§
ghUg
o>Fn/F9nªo3x^m 
g
n/
U
ro3Fr{ú
unary?(way   reglastcrd(t)+1)
~

gh
 tvn/y ymj !~ [F~!§VúnÈjul
l
gh3g
ru¸jththÕ kn

way   reglastcrd(t)+1 = way   regt
~

gh
# 
Łr ro
gh3g
rub!~ [F~!§Ïúnm9ruF/thxFl
n

¸j

n
gh
Fn/Ł
way   regt = hvlastcrd(t) =
hv
lastcrd(t)
ad
ú
g
 9ruF/thxFl
n9o

Fn¥/t]j
g
y ruŁ+únÑ¸j9þn
∃j ∈ Z2k : way   reg
t =
λi∈ZK (i = j)
ú
g


Ł
g
þ
g
jththÕÄtvn{jul
o

r
unary?(way   regt)
jFl

;xFo


g
oFn9o

Fn/t]j
g
y ~
ut
­:>\>¡ }G¬ÇG£Q
pÞ!×ÍÞ;ÜﬂÝ±i×g9Ý Ú1&#Ü6Û ÝﬂÞ!×ÍÙ{×/Ý£w´ØuÙÙ/Úcg/ÜLØÝLÜZi× gØbgﬀÞ!×#Ù/Ý ØhÙÑßÛ@Ø1&Th8I
À
Ú1&ﬀð Øî6î hm

×2ÞØi×æ/Ú&ØuÛ¸h
∀t ∈ N+, ad ∈ Ba
[
valid ú input? =⇒ unary?(hvtad)
°eLA<¤BÕ
i£FnW 
ŁrrLruthtvrËúqo
g
y y(n9l
g
j

n/thÕD¦JÕ
g
Fl!xF
3g
ruDLŁruy tvn/y ymjuod!~ [F~h||
jFl !~ [F~h|{SjFl

Fn

Ł
g
þ
g
jt$ 
Łr n/Ł

Õ

¸j

jtht
g

gh3g
jt2
gh
þn9

ruŁo#jŁnãx
¸jŁ3Õ
¦n9{jxFon

Fn/Õ jŁn2n/y  

Õ¥j)

n/Łj
clear
~
ut
µ[/\
L>²1³bQ¡#>+ŁfvLv1 Łﬃ
øoj£FnTS

o

n E§)únªo3Fr{úboruy(nn9oon/
3g
jtv 
Łr n/Ł
3g
n9or

Fn«'ÂbŁn 
t]ju9n/y(n/


g
ŁB
/x
ghU
¸j

jŁnFn9n9l
n9l
g
ruŁl
n/Ł

r, 
Łr{þn{juFnª9ruFo
g
o

n/F/ÕVLruŁ

Fnon

juoor
g
j
3g
þn
{juFn~8Vsr

n

¸j
ªg
m{juonqjtht

Fn¦
gh
o
g


Fn
way
Łn/k
g
o

n/ŁjŁn/tvn{jŁn9ldj;ÕZúŁ
gh
n

r

Fnon

juoor
g
j
3g
þn2{juFn
g
otvro

o
g
F9n
gh
l
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
ju99n9oojJÕ¥{juFnúj{Õ~
 nÑo

jŁ

¦;Õ <ruŁ3ymjt
gh9g

k

FnÑo n9
g
{j
3g
ru r

FnÑFnTS


g
o

ruŁ3Õ þn9

ruŁmjuo
l
n 
g


n9l
g


kx
Łn¬!~Äruo ¸jknìbZ~ «En

h
¦n#jã
g
o

ruŁ3Õ þn9

ruŁ{§
g
~ n~h§
h
g
odj
 n/Ł3yx

j
3g
rubru
ZK
~+ {juon rqjÑ
gh
§
g
~ n~h§
singleton?(hv)
§Etvn

i := the(hv)
"a
Ó1õsÐ{þ
É1«
Êﬂ
¾ ÓÏÐÓ1õ
«
è
Frutvl>~VVn n/Fl
g

kÍru
hit
jFl
linv
§ún

Fn/Äl
n

Fn j Lx
F
3g
ru
h′ : ZK → ZK
¦;Õ

FnOLruthtvrËú
g

kdn9w;x¸j
3g
ruFo{~
hit ∧ linv : h′ = λj∈ZK


i
g

j = K − 1
h(j)
g

j < h−1(i)
h(j + 1)
r

Fn/Ł3ú
g
on
hit ∧ ¬linv : h′ = λj∈ZK


i
g

j = 0
h(j)
g

j > h−1(i)
h(j − 1)
r

Fn/Ł3ú
g
on
æ
!~h|[>ç
¬hit ∧ linv : h′ = h
¬hit ∧ ¬linv : h′ = λj∈ZK
{
h(K − 1)
g

j = 0
h(j − 1)
r

Fn/Ł3ú
g
on
Vsr

n

¸j

h′
juo£l
n

Fn9l¥j¦r{þn
g
o£o
3g
thtje n/Ł3yx

j
3g
ru
g

h
g
oj n/Ł3yx

j
3g
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ú
g
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g
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
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Łr{þn
g



g
o

Fn9o
g
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g
F9n

Fnd/t]j
g
y
g
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
Łj
g
k


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n

Fn(
g
o

ruŁ3ÕÄjŁ3Łj{Õ
H
¦nmjd n/Ł3y'x

j
3g
ru jFl

Fn(
gh
þn9

ruŁ
hv
¦nZx
¸jŁ3Õ~d n Fr{ú új
'
r o3FrËú

¸j

Hp
juo9ruy  
x

n9lbju99ruŁl
g

k

r n9w;x¸j)
3g
ruFo
æ
!~}bçPjFl
æ
!~Rbç
g
oªj{ n/Ł3yx

j
3g
ruE~  ¸jŁ
3g
/x
t]jŁ{§
g

h
g
o

Fn
g
o

ruŁ3Õ+þn9

ruŁ
juoor;
g
j

n9lÈú
gh

H
§

Fn/
h′
ju99ruŁl
g

k

r

FnÍj¦r{þnÑl
n


gh3g
ru
g
oZjuoor
g
j

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ú
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
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Ü]ÙegÚ1&'&×g9ÝJm£ÜwIﬂ×hIÈm
x =
{
0K
Ü æ
¬hit
λj∈ZK (j = h
−1(the(hv)))
ÚÝﬂÞ
×'&

Ü6Ù9×
°eLA<¤BÕ
ø99ruŁl
g

k

rÄn9wJx¸j
3g
ru
æ
!~}bç jFlDl
n


gh3g
ru |~ [F~h|ÍLruŁ

Fn¥n9w;x¸jt
gh
Õ

n9o

n/Ł{§
únO¸j{þn
x = λj∈ZK (hit ∧ (H[j] = encfK(hv)[K − 1 : 0])).
¥{juon
¬hit
Frutvl
o{§ún

Ł
g
þ
g
jththÕm¸j9þn
x = 0K
ú
g
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n9o

FnV/t]j
g
y ~«En


Fn/Łnﬀ<ruŁn
hit
Frutvl>~ªä
g
F9n
hv
g
ox
¸jŁ3ÕdjFl
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o{§
ghg
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g

ktvn

ruÍjFl
tvn/y ymjÍ|~ [F~}+kx¸jŁj

n9n9o
encfK(hv)[k − 1 : 0] = bink(the(hv))
~ n

Fn/Łnﬀ<ruŁn
¸j{þn
x = λj∈ZK (H[j] = bink(the(hv))).
ä
g
F9n
H
g
oj  n/Ł3y'x

j
3g
ruE§Fún'9ruF/thxFl
n2ú
gh


Fnl
n


gh3g
ruìr

Fnjuoor
g
j

n9l

g
o

ruŁ3Õdþn9

ruŁ
H[j] = bink(the(hv)) ⇐⇒ h(j) = the(hv).
øl
l
gh3g
ru¸jththÕ§¸¦n9{jxFon
H
g
ojG n/Ł3yx

j
3g
ruE§¸únkn

x = λj∈ZK (j = h
−1(the(hv)))
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g
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n9o

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g
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ÜwIﬂ×hIÈm
y =
{
0K
Ü æ
¬hit
λj∈ZK (j ≥ h
−1(the(hv)))
ÚÝﬂÞ!×R&

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°eLA<¤BÕ
ø99ruŁl
g

k

rdtvn/y ymjÑ!~ [F~h|[F§

Fn
g
 
x

x
r

FnG ¸jŁjthtvn/t 
Łn

SìruŁ
g
o
k
g
þn/#¦JÕ
x =
{
0K
g

¬hit
λj∈ZK (j = h
−1(the(hv)))
r

Fn/Ł3ú
g
on
i£Fn9ruŁ3Łn9

Fn9oo£r

Fn3 ¸jŁjthtvn/t+ 
Łn

SÑruŁªLŁruyýtvn/y ymjÑ|~ [F~a+jul
l
gh3g
ru¸jththÕmkx¸jŁB
j

n9n9o
y = λj∈ZK
l≤j∨
l=0
x[l].
ÕÑŁn 
t]ju
g

k
x
§!ún29ruF/thxFl
n
y =
{
λj∈ZK
∨l≤j
l=0 0
g

¬hit
λj∈ZK
∨l≤j
l=0(l = h
−1(the(hv)))
r

Fn/Ł3ú
g
on
i£
g
oo
g
y  
t
g
n9o

r
y =
{
0K
g

¬hit
λi∈ZK (j ≥ h
−1(the(hv)))
r

Fn/Ł3ú
g
on
jFl

Fn/ŁnﬀLruŁn

Fn 
Łr;r
g
o


g
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ut
µ
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a ú mux
Ü6ÙegÚ1&'&3×g9ÝJmÜuI6× Iªm
〈a ú mux〉 = hit? the(hv) :h(K − 1)
°eLA<¤BÕ
ø99ruŁl
g

k

r n9w;x¸j
3g
ru
æ
!~RbçjFl
æ
!~}bç/§!ún2¸j{þn
a   mux = hit? encfK(hv)[k − 1 : 0] :H[K − 1].

gh


Fn 9ruŁ3Łn9

Fn9oo2r
encfK(hv)[k − 1 : 0]
LŁruy

Fn
g


n/Ł3y(n9l
g
j

nmŁn9o3x
t

o
rtvn/y ymj !~ [F~h|[F§>ún 9ruF/thxFl
n
encfK(hv)[K − 1 : 0] = binK(the(hv))
~ i£Fn
 
Łrrr

FnOtvn/y ymjZLruthtvrËúqo
g
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g
j

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h
g
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g
j

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
r
H
~
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b ú mux
Ü6Ù,gÚ1&'&3×g9ÝJmÏÜuIﬂ×hIªm
∀j ∈ ZK−1
[
〈b ú mux[j]〉 = (hit ∧ j ≥ h−1(the(hv)))?h(j + 1):h(j)
°eLA<¤BÕ
ø99ruŁl
g

k

r n9w;x¸j
3g
ru
æ
!~Rbçﬀ§
únO¸j9þn
b   mux = λj∈ZK−1y[j]?H[j + 1] :H[j].
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g
j

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
H
§


g
o
g
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g
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
r
〈b   mux〉 = λj∈ZK−1y[j]?h[j + 1] :h[j].
£n9{jxFonÑrqtvn/y ymjã!~ [F~h|{!§PúnÑ{j Łn 
t]ju9n
y[j]
¦;Õ
hit? j ≥ h−1(the(hv)) : 0
ú
g
 n9wJx¸jtvo
hit∧ j ≥ h−1(the(hv))
jFl

Fn/ŁnﬀLruŁn§

Fnﬁ 
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g
o


g
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ut
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
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
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n

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
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
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
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g
o
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
g
Ł/x
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~
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hv
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Ë
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æ
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Hp
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H
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ø99ruŁl
g

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
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3g
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æ
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g
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x

n9lìjuo£<ruthtvr{úqoËz
Hp =
{
λj∈ZK (j = 0? a   mux :b   mux[j − 1])
g

linv
λj∈ZK (j = K − 1? a   mux :b   mux[j])
r
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g
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ú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Fn/#¸j9þn
λj∈ZK 〈Hp[j]〉 = λj∈ZK


the(hv)
g

j = 0
h(j)
g

j − 1 ≥ h−1(i)
h(j − 1)
r
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g
Fn9l#ú
gh


FnVŁn9ox
t

oqj¦rux

nTS
/thxFo
g
þnﬀ
Fn9oo{§ún({j

Fn/Łnﬀ<ruŁn 9ruF/thxFl
n

¸j

j

j;Õ¬/Õ!/tvn
t
§

FnZ
g
o

ruŁ3Õ ø¨ ru
thÕ
9ru

j
g
Fo n/Ł3yx

j
3g
ruFo{~
­:>\>¡ }G¬ÇG£Q§
pÞ!×_gÚÛ¸Ý×ﬀÛ¸ÝÚBæ+ÝﬂÞ
×+ÞJÜ6ÙﬀÝ Ú1&Th
Ã
)L- ÚuÛFî hdgÚuÛ¸Ý ØuÜﬂÛ
Ùsñ
×'&ﬀðZßÝ Øw
ÝLÜ<ÚuÛ
ÙhI
À
Ú1&ﬀð Øî6î hmUÙﬀÜ6Û<g0×

×OØuî\Ù/Ú Ù0ßËññ!Ú1&/Ý
æ9Ú1&

Ø1&BçÜ6Û
Ë
m

×eg/îhØuÜ6ð ÝﬂÞ!×Úuß!Ý\ñ@ßÝ
H
ÚBæ
ÝﬂÞ
×Pæ9Ú1&

Ø&BçuÜﬂÛ
Ë
ð+ßî¡ÝLÜñ@îv×|J×R&ÚBæ(
Ë
ß5&×¨Ñ,I^]dÚuÛ ñ!Ø
Ë
×¬ü
H
Ý Ú
H
×'Øsñ
×R&0ðZß!Ý ØÝLÜLÚÛ;mÜwIﬂ×hIÈm

×2ÞØi×
∀t ∈ N+, ad ∈ Bl
[
valid ú input? =⇒ permutation?(fwtad)
i£Fn$ 
Łr;rr


g
os/t]j
g
y LruthtvrËúqo

Ł
g
þ
g
jththÕÑﬂŁruy

Fn9ruŁn/y(o!~ [F~h|{(jFl#!~ [F~h|{}
juoún/thtPjuo

FnO ju
q
¸j
q
Fn
g

gh3g
jtU
g
o

ruŁ3ÕÍþn9

ruŁ
Hid
g
osjtvormj n/Ł3yx

j
3g
ruE~
 nVFrËú t
g
o

j'<n/ú 9ruŁrutht]jŁ
g
n9oú
gh
Frux

nTSQ 
t
g

gh
 
Łr;r3~

¾]ð!¾ Ðöè
«sÉBK
ÐOè
èA©OÓ
Ç
Ð
É1Ç «
ÓÏÐÓ1õ
« "R
e<L+³£³ L¢j"G¬ÇG SÓ
*£Û Ø ÞJÜLÝJm+ÝﬂÞ!×¥ÞJÜLÝ¨i×g{Ý Ú1&¬ÚBæ#Ø Ù9×9Ý£w´ØÙ0Ù/Úﬃg/Ü<ØÝLÜJi×qgØbgﬀÞ
×ìÜ]Ù#Ø
ÙﬀÜ6Û
Ë
îh×9Ý ÚuÛ;mÜuI6×hIÈm
∀t ∈ N+, ad ∈ Ba
[
valid ú input? ∧ hittad =⇒ singleton?(hv
t
ad)
e<L+³£³ L¢j"G¬ÇG A
pÞ!×
way
&×
Ë
Ü6ÙﬀÝ×'&qÚBæ£ØsÙ9×/Ý£wBØÙÙ9Úﬃg/Ü<ØÝLÜJi×gØvgﬀÞ!×£Ü6ÙngÚ1&'&×g9ÝJmUÜuIﬂ×hIªm
∀t ∈ N+
[
valid ú input? ∧ ¬clearlastcrd(t) =⇒
way ú regt = hitlastcrd(t)?hvlastcrd(t) :λi∈ZK (i = 〈ev
lastcrd(t)〉)
e<L+³£³ L¢j"G¬ÇG <
pÞ!×GgÚuÛ¸Ý×/Û¸ÝÚBæ2ÝﬂÞ!×±&3×
Ë
Ü]Ù/Ý×'&
way ú reg
Øî

ØhÙVÞØÙ'ÚÛ×+Øbgw
ÝLÜJi×
H
ÜLÝJmÜwIﬂ×hIÈm
∀t ∈ N+
[
valid ú input? ∧ ¬clearlastcrd(t) =⇒ singleton?(way ú regt)
µ
>¡(¡#k"G¬ìG 
0ÛEgØÙ{×'Ú3æØ(Þ;ÜﬂÝJmÝﬂÞ!×2ÞJÜLÝi×g9Ý Ú1&(×|k/ß
Øuî^Ù+ÝﬂÞ!×±&3×
Ë
Ü]Ù/Ý×'&
way ú reg
ÜﬂÛãÝﬂÞ!×eg;h"g9îh×mj)

n/Ł+ÝﬂÞ!×
H
×
Ë
ÜﬂÛFÛFÜﬂÛ
Ë
ÚBæ2ÝﬂÞ!×+Øbg g×0ÙÙmÜuI6× Iªm
∀t ∈ N+, ad ∈ Ba
[
valid ú input? ∧ ad =s adr
lastcrd(t) ∧ hittad =⇒ way ú reg
lastcrd(t)+1 = hvtad
°eLA<¤BÕ
 nmon

l := lastcrd(t)
~ «En

ad =s adr
l ∧ hittad
Frutvl>~  n(¸j9þn

r
oFr{ú
way   regl+1 = hvtad
~ n

Fn/Łnﬀ<ruŁn

S jÈjŁ3¦
gh
ŁjŁ3Õ
i ∈ ZK
jFlÄoFr{ú
way   regl+1[i] = hvtad[i]
~U
gh
29ruŁrutht]jŁ3Õ2!~ [F~!§)ún9ruF/thxFl
n
singleton?(hvtad)
~
ä
g
F9n
hittad
Frutvl
o{§;únjtvor2¸j{þn
¬clearl
~Ï
gh
* 
Łr ro
gh3g
ruÑ!~ [F~!§úns9ruF/thxFl
n
way   regt = way   regl+1
~øl
l
gh3g
ru¸jththÕ§¸únOkn

singleton?(way   regl+1)
¦JÕ
9ruŁrutht]jŁ3Õ !~ [F~!~«n/y ymjm!~ [F~h|{+Lx
Ł

Fn/Łqkx¸jŁj

n9n9o
∀j ∈ ZK : hv
t
ad[j] ≤ way   reg
l+1[j]
¤¸ruŁ
j = the(hvtad)
§


g
otvn{jul
o

r
way   regl+1[j]
~(i£Fn(/t]j
g
y
way   regl+1 =
hvtad

Fn/Í<ruthtvr{úqo¦JÕ¥l
n


gh3g
ru¬!~ [F~PZ r
singleton?
~
ut
e]b+L ﬃŁﬃ>"¢
i£Fn'ymj
g
q 
Łr;r
g
l
n{j(<ruŁs{juFnZ9ruFo
g
o

n/F/Õ#r

Fn'on

juoor
g
j
3g
þn'{juFn
g
o

r
Łn9l!xF9n
ghV
rÍ{juFn 9ruFo
g
o

n/F/Õ <ruŁ

FnZú£j9Õ!o{§
g
~ n~h§

FnZl
g
Łn9

ymj\  n9lÄ{juFn9o{~
©£juFnª9ruFo
g
o

n/F/Õs<ruŁ

Fn{juFnú£j9Õ!oÏjthŁn{jul!ÕVkx¸jŁj

n9n9o

¸j
E
FnªlFj

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
 
x

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ghsg
o

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
lFj

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gh3
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×+ÞJÜLÝ

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

g
o
g
oOjtvor

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
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
j
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
r

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
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g
o

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
Fn
on

juoor
g
j
3g
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3g
JxFruxFo(
gh
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g
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t]j9Õ jì/Ł3xF
g
jt
 ¸jŁ
mg



g
o  
Łr;r3~b n

Fn/ŁnﬀLruŁn#nTS

n/Fl

Fn 9ru
3g
JxFruxFod
gh
tvn/y ymj

r

Fn
on

juoor
g
j
3g
þn2{juFn~
a
Ó1õsÐ{þ
É1«
Êﬂ
¾ ÓÏÐÓ1õ
«
è
tlastcrd(l)
hittad
l
¬hitad hvad = hv
t
ad
j
l := lastway[the(hvt
ad
)].bw(ad,b)(t)lastcrd(j) = lastcrd(l)
¤
g
kx
Łn'!~h|{!zththxFo

Łj
3g
ru#r

Fn/t]j
g
y¢rÏtvn/y ymjm!~ [F~\[
µ
>¡(¡#k"G¬ìG ¸¬
0ÛìØ Ù9×/Ý£wBØÙÙ9Úﬃg/Ü<ØÝLÜJi×GgØbgﬀÞ!×'mØ*e
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M_
e
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%
V
Ù0Üﬂðw
ÜﬂîhØ1&OÝ Ú(îv×ﬀðZð(Ø.Ñ,I
:
IJÏ
D
æ9Ú1&2çuÜJ&3×g9Ýªð(Ø0ñJñ
×3çWgØbgﬀÞ
×0Ù2ÞÚuîhçÙhImí ×2Ü6îﬂî\ß;ÙﬀÝl&3ØÝ×ÝﬂÞ!×Gg/îhØuÜ6ð
ÜﬂÛ±(
Ë
ß5&×jÑ,IJÏÑ,I
À
Ú&0ð(Øuîﬂî hm

×OÞØ1i×
∀t ∈ N+, ad ∈ Ba, b ∈ ZB
[
valid ú input? ∧ hittad =⇒ ∃j ∈ [lastway[the(hvtad)].bw(ad,b)(t) : t] :
lastcrd(j) = lastcrd(lastway[the(hvt
ad
)].bw(ad,b)(t))∧
∀k ∈ [lastway[the(hvt
ad
)].bw(ad,b)(t) : t] : k ≥ j?hv
t
ad = hv
k
ad :¬hit
k
ad
°eLA<¤BÕ
«En

hittad
Frutvl>~«En/y ymj'!~ [F~

Fn/Ín/Fo3x
Łn9o
singleton?(hvtad)
~Ï
gh

tvn/y ymj¥!~ [F~am<ruŁVúj9Õ
i := the(hvtad)
§únZ9ruF/thxFl
n
way[i].valid   input?
~O£nﬀ
{jxFonÑr
way[i].hittad
§ún jul
l
gh3g
ru¸jththÕbkn

∃lastway[i].bw(ad,b)(t)
¦JÕ tvn/y ymjÄ!~!~
jFlìon

l := lastway[i].bw(ad,b)(t)
~i£Fn'9ru
3g
;xFruxFoV
gh
tvn/y ymjd!~!~h|ﬃa LruŁúj9Õ
i
tvn{jul
o

rmjZ/Õ/tvn
t′ ∈ [: t]
ú
gh

lastway[i].crd(t
′) = lastway[i].crd(l)∧
∀t′′ ∈ [l : t] : way[i].hitt
′′
ad = (t
′′ ≥ t′)
æ
!~h|{bç

gh
 n9wJx¸j
3g
ru
æ
!~h||cçﬀ§únÍ9ruF/thxFl
n
lastcrd(t
′) = lastcrd(l)
~Äi£JxFoË§únÍru
thÕ
¸j{þn

r(o3FrËú
t′′ ≥ t′?hvtad = hv
t′′
ad :¬hit
t′′
ad
<ruŁjãjŁ3¦
gh
ŁjŁ3Õ
t′′ ∈ [l : t]
~q n

Fn/Łnﬀ<ruŁn

S o3xFãjm/Õ/tvn
t′′
jFl
g
Fo

j
3g
j

n
n9w;x¸j
3g
ru
æ
!~h|{bçú
gh

ghg
 ruŁl
n/Ł

rZkn

way[i].hitt
′′
ad = (t
′′ ≥ t′)
~
hitt
′′
ad
l
rn9o
Fr

Frutvl>§
way[i].hitt
′′
ad
{j
Fr

Frutvl(n
gh
Fn/Łªú
g
(tvn{jul
o

r
t′′ < t
jFl 9ruF/thxFl
n9o

Fn/t]j
g
y ~«En
q
Fn/Łnﬀ<ruŁn
hitt
′′
ad
Frutvl>~ nOo 
t
gh
{juon9oqru
t′′ ≥ t′
~
|~q«En

t′′ ≥ t′
Frutvl>~  n

Fn/ ;FrËú
way[i].hitt
′′
ad
jFl ¸j9þn

rÄ9ruF/thxFl
n
hvtad = hv
t′′
ad
~Ï
gh
 tvn/y ymj'!~ [F~!§ún9ruF/thxFl
n
singleton?(hvt
′′
ad)
~ä
g
F9n
the(hvt
′′
ad) = the(hv
t
ad) = i
Frutvl
o2¦n9{jxFon(r
way[i].hitt
′′
ad
§


g
o{juonmr

Fn2/t]j
g
y
g
o

Ł
g
þ
g
jththÕÍ9ruF/thxFl
n9l>~
!~q«En

t′′ < t′
Frutvl>~O n

Fn/Ä;FrËú
¬way[i].hitt
′′
ad
jFlã{j juoo3x
y(n
hitt
′′
ad
~
 nú
g
thto3FrËú

¸j
E

g
o
g
ojq9ru

Łjul
g

3g
ruE~Ï n
g
Fo

j
3g
j

nªn9w;x¸j
3g
ru
æ
!~h|{bç
ú
gh
D/Õ/tvn
t′
jFlÈkn

way[i].hitt
′
ad
~¬
gh
` 
Łr n/Ł
3g
n9oÍ|~!~R¬r
last
§Pún
9ruF/thxFl
n
lastcrd(t
′′) = lastcrd(t
′)
~øl
l
gh3g
ru¸jththÕ§
way[i].bw(ad, b)l
Frutvl
o
¦JÕÄl
n


gh3g
ru'!
g
# ¸jŁ
3g
/x
t]jŁ{§
cdwbl[b]
jFl
ad = adrl
¦r

 Frutvl>~(
gh

gh
n/y Zr
valid   input?
<ruŁq/Õ/tvn
l
§


g
otvn{jul
o

r
ad =s adr
lastcrd(l)

¾]ð!¾ Ðöè
«sÉBK
ÐOè
èA©OÓ
Ç
Ð
É1Ç «
ÓÏÐÓ1õ
« a!|
jFl

JxFo{§ªúnÍkn

ad =s adr
lastcrd(t
′) = adrlastcrd(t
′′) ~  nÑFr{ú¢j\  
thÕ
tvn/y ymjÄ!~ [F~ìLruŁZ¦r

D/Õ/tvn9o
t′
jFl
t′′
g
DruŁl
n/Ł

rìkn

hvt
′′
ad = hv
t′
ad
~
i£
g
o
g
y y(n9l
g
j

n/thÕDtvn{jul
o

r
way[i].hitt
′′
ad
ú
g

g
o(jã9ru

Łjul
g

3g
ru jFl

JxFo


g
o3Fn9o

FnO/t]j
g
y ~
ut
µ
>¡(¡#k"G¬ìG <
6æÍØ¬Ù9×/Ý£wBØÙÙ9Úﬃg/Ü<ØÝLÜJi×dgØvgﬀÞ!×¥Ù0Ü
Ë
Û@Øuî\ÙÑØ¬ÞJÜLÝJmOÛ@Ú
H
hÝ×ÍÜﬂÛ ÝﬂÞ!×dÞ;ÜﬂÝ
ØJçç1&×0ÙÙ2Ü6Ù

&ﬀÜLÝ<Ý×ﬀÛ#ÜﬂÛìÝﬂÞ!×

ÞÚuîv×:gØbgﬀÞ!×ZØ3æﬀÝ×'&2ÝﬂÞ
×OîhØÙﬀÝ

&0ÜLÝ×OÝ ÚdÝﬂÞ!×OÞJÜLÝ

ØhmÜwIﬂ×hIÈm
∀t ∈ N+, ad ∈ Ba, b ∈ ZB
[
valid ú input? ∧ hittad =⇒
∀t′ ∈ ]lastway[the(hvt
ad
)].bw(ad,b)(t) : t[ : ¬bw(ad, b)
t′
°eLA<¤BÕ
«En

hittad
Frutvl>~ø99ruŁl
g

k

r tvn/y ymjm!~ [F~!§
singleton?(hvtad)
Frutvl
o
jFl

JxFoË§
the(hvtad)
g
o+l
n

Fn9l>~  n
g


Łr;l!xF9n

Fndo3FruŁ

¸jFlbFr

j
3g
ru
i :=
the(hvtad)
~U$ ¸jŁ
3g
/x
t]jŁ{§
way[i].valid   input?
Frutvl
oUju99ruŁl
g

k

r£tvn/y ymj!~ [F~a^!
¦n9{jxFonVr
way[i].hittad
§únOjul
l
gh3g
ru¸jththÕÍkn

∃lastway[i].bw(ad,b)(t)
¦JÕdtvn/y ymj !~!~
jFlÈruF9nmjkJj
g
Èon

l := lastway[i].bw(ad,b)(t)
~  n

S jÈjŁ3¦
gh
ŁjŁ3Õ
t′ ∈ ]l : t[
jFlÄoFr{ú

Fn /t]j
g
y ¦;Õì9ru

Łjul
g

3g
ruE§
g
~ n~h§>ún(juoo3x
y(n
bw(ad, b)t
′ Frutvl
o{~+Õ

FnÍl
n


gh3g
ruDr
last
§PúnÍ9ruF/thxFl
n
¬way[i].bw(ad, b)t
′ § g ~ n~h§
¬way   regt
′
[i]
~

gh
¥tvn/y ymjm!~ [F~\[F§Fún

Fl#jZ/Õ!/tvn
j ∈ [l : t]
ú
gh

lastcrd(j) = lastcrd(l)∧
∀k ∈ [l : t] : k ≥ j?hvtad = hv
k
ad :¬hit
k
ad
æ
!~h|ﬃabç
 nFr{úöo 
t
gh
{juon9oru¬úFn

Fn/Ł/Õ!/tvn
t′
újuo
g


Fnojy(n'{juFn ju99n9oosjuo

Fn
t]juo

úŁ
gh
n

r

FnV
gh
ú£j9Õ~
|~q«En

lastcrd(t
′) = lastcrd(l)
Frutvl>~mÕÄj\  
thÕ
g

k] 
Łr ro
gh3g
ru !~ [F~

ú
g
9n
LruŁì/Õ/tvn9o
t′
jFl
j
§Vún kn

way   regt
′
= way   regj
~  n
g
Fo

j
3g

j

n n9w;x¸j
3g
ru
æ
!~h|ﬃabç ú
gh
ö/Õ!/tvn
j
g
 ruŁl
n/Ł

r kn

hvtad = hv
j
ad
~ 
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i$.line ú fill.lastt =⇒
∀ad ∈
[
i$.adrlastreq(t)
]
s
∃t′ ∈ ]lastreq(t) : t]∃i ∈ Z2s :
i$.adrt
′
= ad ∧ i$.cdwb = 1s ∧ badrt
′
= 〈ad〉∧
badrt
′
= (d$.hitlastreq (t) ∧ d$.dirtylastreq(t))?
〈ev ú adrlastreq(t)[a− 1 : s]〉 · 2s + i :
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′
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′
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′
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(i$.line ú fill.memt
′
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′
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′
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Łr{þn

Fn


Łn9n
gh
n/y(oqon ¸jŁj

n/thÕ~
[F~qi£Fn

Ło
Vgh
n/y §
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IR
instruction fetch
Tomasulo
implementation
concrete execution units:
MU , FPUs, XPU
extended RS, ROB
interrupt handling
full VAMP instruction set
(∼ 100 instructions)
VAMP implementation
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ea = RS1 + imm
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RD = sext(M [ea + d− 1 : ea])
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RD = sext(M [ea + d− 1 : ea])
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RD = M [ea + d− 1 : ea]
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RD = 024M [ea + d− 1 : ea]
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RD = 016M [ea + d− 1 : ea]
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M [ea + d− 1 : ea] = RD[7 : 0]
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M [ea + d− 1 : ea] = RD[15 : 0]
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M [ea + d− 1 : ea] = RD
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RD = RS1 + imm
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RD = RS1 + imm
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RD = RS1− imm
ùù
þ
ù
þþ
cú¡ø'ü¦ú
RD = RS1− imm
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RD = RS1 ∧ imm
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RD = RS1 ∨ imm
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RD = RS1⊕ imm
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RD = 032
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RD = 031(RS1 > imm)
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RD = 031(RS1 = imm)
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RD = 031(RS1 ≥ imm)
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RD = 031(RS1 < imm)
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RD = 031(RS1 6= imm)
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RD = 031(RS1 ≤ imm)
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RD = 0311
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PC ′ = PC ′ + 4 + (RS1 = 0? imm :0)
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PC ′ = PC ′ + 4 + (RS1 6= 0? imm :0)
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PC ′ = RS1
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R31 = PC ′ + 4;PC ′ = RS1
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RD = RS1  SA
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 SA
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RD = RS1  SA
joÆYÀ#ºÄ¸#¹NÐXl
ùùù
þ
ùù cii
RD = RS1  RS2[4 : 0]
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RD = RS1  RS2[4 : 0]
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 RS2[4 : 0]
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SPR[SA] = GPR[RS1]
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RD = RS2[15 : 0]016
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RD = 031(RS1 > RS2)
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RD = 031(RS1 = RS2)
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RD = 031(RS1 ≥ RS2)
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RD = 031(RS1 6= RS2)
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RD = 031(RS1 ≤ RS2)
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RD = 0311
Ñ+ÆYÙJÅ^¼
ã
Ð úTnQOÔ)¸<Í=Òf¼ðºÄ·»V¸#À#ØËÁ¸#º^ÇZ·âÅÕÆ½Í!ÇZØJ¸
ﬀ
IR[31 : 26] = 06
ﬂﬁﬃ "!#ﬂ$ﬀﬁﬁ&%' ($)*+%,' -%.'/%0 -1ﬀ2ﬁ3ﬀ'ﬃ4ﬀ56"
%0ﬃ7'ﬂ%8!#9:ﬀ;2<ﬂﬁ.=ﬀ'4>5ﬀ,ﬁ.)?,!
true
6@%8BAﬀ,'ﬃ
false
6@%.DCE
IR[31 : 26]
õ
·¼ÁÃâÐ mBëÛ¼½ËÁ¸
ùùùù
þ
ù 
PC ′ = PC ′ + 4 + imm
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GPR[31] = PC ′ + 4
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PC ′ = PC ′ + 4 + imm
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trap = 1
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PC ′ = EPC
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DPC = EDPC
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FD[31 : 0] = M [ea + d− 1 : ea]
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FD[63 : 0] = M [ea + d− 1 : ea]
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M [ea + d− 1 : ea] = FD[31 : 0]
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M [ea + d− 1 : ea] = FD[63 : 0]
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PC ′ = PC ′ + 4 + (FCC = 0? imm :0)
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PC ′ = PC ′ + 4 + (FCC 6= 0? imm :0)
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FD[63 : 0] = FS1[63 : 0]
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GPR[FD] = FPR[FS1][31 : 0]
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